Studies of bone marrow transplant patients have suggested that the stromal cells of the in vitro hematopoietic microenvironment are transplantable into conditioned recipients. Moreover, in patients with myeloproliferative disorders, all of the stromal cells, which include presumptive endothelial cells, appear to be derived from hematopoietic precursors. To confirm these findings, we have constructed two chimeric mouse models: (a) traditional radiation chimeras, and (b) fetal chimeras, produced by placental injection of bone marrow into genetically anemic WX/WV fetuses, a technique that essentially precludes engraftment of nonhematopoietic cells. Using two-color indirect immunofluorescence, the stromal cells in long-term bone marrow culture derived from these chimeras were analyzed for donor or host origin by strain-specific H-2 antigens, and for cell lineage by a variety of other specific markers. 75-95% of the stromal cells were shown to be hematopoietic cells of the monocyte-macrophage lineage, based upon donor origin, phagocytosis, and expression of specific hematopoietic surface antigens. The remaining 5-25% of the stromal cells were exclusively host in origin. Apart from occasional fat cells, these cells uniformly expressed collagen type IV, laminin, and a surface antigen associated with endothelial cells. Since these endothelial-like cells are not transplantable into radiation or fetal chimeras, they are not derived from hematopoietic stem cells. The contrast between our findings and human studies suggests either unexpected species differences in the origin of stromal lineages or limitations in the previous methodology used to detect nonhematopoietic stromal cells.
Introduction
The long-term bone marrow culture system (LTBC)1 has proved to be a useful model for the characterization of the hematopoietic microenvironment in vitro (1, 2) . Indeed, the maintenance of hematopoiesis in LTBC is critically dependent upon a population of "stromal" cells and matrix, defined by their adherence to the surface of the culture vessel.
Despite extensive investigation, the precise lineage and origin ofthe cells comprising the in vitro hematopoietic microenvironment is uncertain. For example, some workers have reported that the adherent cells in LTBC are predominantly fibroblasts and that endothelial cells are undetectable (3) . In contrast, others have found substantial numbers of endothelial-like cells (4, 5) . Similarly, some but not all studies have concluded that the stromal cells are transplantable after either radiation-or drug-conditioning, and have further suggested that the stromal cells are derived from the hematopoietic stem cell (5) (6) (7) (8) (9) .
To unequivocally define the origin of cells in the microenvironment, we have exploited a novel chimera model that utilizes stem cell-deficient WX/Wl mice, which accept bone marrow without the necessity for radiation or cytotoxic conditioning. These unique chimeras are produced by intraplacental inoculation of bone marrow during fetal life, at a stage in development when there is no bone marrow and the liver is the site of hematopoiesis (10, 1 1) . Not only does this technique avoid radiation and resultant stromal injury, it also essentially eliminates the possibility of stromal precursor transplantation reported in studies of radiation chimeras (12).
Using LTBC prepared from these chimeric mice, as well as traditional radiation chimeras, we have carried out an in situ analysis ofthe individual cells constituting the stromal population. Donor and host cells were distinguished by surface immunofluorescence staining for strain-specific histocompatibility antigens and further identified by lineage-specific cytoplasmic markers. Exploiting this approach, we have been able to characterize virtually all the cells constituting the in vitro stroma.
Methods
Mice. All mice were obtained from Jackson Laboratory (Bar Harbor, ME). For construction of fetal chimeras, the severely anemic WX/Wl recipients were derived from matings of C57BL/6-W" heterozygous females (H-2Kb/b), and C3H/He-Wx heterozygous males (H-2Kk/k).
For radiation chimeras, 2-4 mo old [C57BL/6 X AKR/J] Fl recipients (H-2Kb/I) were used. Donor animals for both the fetal and radiation chimeras were 8-12 wk old AKR females (H-2Kk/k). H-2Kb was therefore unique to the recipients.
Preparation and characterization ofchimeric mice. Fetal chimeras were constructed by placental injection as previously described (10, 11). Briefly, a marrow cell suspension was prepared by flushing donor femurs with PBS and filtering them through a sterilized filter with 40 um pore size (Nitex HC3-41; Tetko, Elmsford, NY). On day 11 of gestation, with the pregnant female under Nembutal anesthesia, the fetuses were exposed through a dorsolateral incision and -106 donor cells were injected with a micropipette into each placenta. The incision was then sutured closed. 25% of the fetuses would be expected to be WX/WV anemics in these matings. Radiation chimeras were constructed by injection of 107 donor marrow cells, prepared as described above, into the tail vein of recipients irradiated with 9.5 Gy, at a rate of 0.85 Gy/min from a cobalt source, immediately before transplantation.
The degree of erythroid engraftment was assessed at regular intervals by cellulose acetate electrophoretic separation of strain-specific variants of GPI (D-glucose-6-phosphate ketol-isomerase, EC 5.3.1.9) (Gpi-l locus) according to the method described by Eldridge and Dewey (13) . Similarly, at the time of explantation, the extent of donor reconstitution in hematopoietic tissues and organs was determined by GPI analysis.
Hematopoietic progenitor cell assays. Granulocyte-macrophage colony-forming cells (CFU-GM) were assayed according to published methods, using endotoxin-conditioned mouse serum as a stimulator (14) . 1 At weekly intervals all the medium and nonadherent cells were removed and replaced with fresh medium. Control experiments to assess the competence of adherent layers formed on glass coverslips demonstrated the maintenance ofCFU-GM and CFU-S production in vitro for at least 8 wk.
3-4 d before immunofluorescence staining, 1,000 U/ml of a(#-interferon (Lee Biomolecular Research Laboratories, Inc., San Diego, CA) was added to the cultures to enhance the expression of H-2K surface antigens (16) . At the time of immunofluorescence analysis for the strain-specific histocompatibility antigens, some of the adherent layers were resuspended by trypsinization and analyzed by GPI electrophoresis as an independent measure ofthe proportion ofdonor-and host-derived cells.
Antisera Sheep anti-human collagen IV antiserum, a gift of Dr. F. Grinnell, Southwestern Medical School, was the extensively characterized preparation described by Dr. S. Katz (20) , and was used at a dilution of 1:700. Tetramethyl rhodamine isothiocyanate-conjugated rabbit anti-sheep IgG antiserum was purchased from Jackson Immunoresearch Laboratories, Inc., Avondale, PA, and was used at a dilution of 1:15. FITC-conjugated rabbit anti-laminin antiserum was purchased from Polysciences, Inc., Warrington, PA, and was used at a dilution of 1:30. Rabbit anti-human Factor VIII antiserum was obtained from Dako, Denmark, and was used at a dilution of 1: 15. Its activity was confirmed on mouse megakaryocytes and cultured human endothelial cells. FITC-conjugated goat anti-rabbit IgG (Cappel Laboratories) was used as the second step. FITC-conjugated goat anti-human Factor VIII (dilution 1:20) was obtained from Atlantic Antibodies, Scarborough, ME.
Goat anti-collagens I and III antisera were obtained from Southern Biotechnology Associates, Inc., Birmingham, AL, and FITC-conjugated rabbit anti-goat IgG from Cappel Laboratories.
Rabbit anti-mouse fibronectin was obtained from Accurate Chemical and Scientific Corp., Westbury, NY. Rabbit anti-chicken actin was purchased from Polysciences, Inc.
Rat MAbs, MECA-10 and MECA-325, raised against antigenic determinants on endothelial cells, were kindly provided by Dr. E. C. Butcher (21) . 48 h before staining with the MECA antibodies, 100 U/ml of y-interferon (provided by Dr. M. Ziff, Southwestern Medical School) was added to each culture.
Collagen types I and IV (Collaborative Research, Bedford, MA), were used in blocking studies of the anti-collagen IV antiserum at concentrations of 1.7 and 0.8 nmol, respectively.
Surface immunofluorescence. At 3-4 wk and 5-6 wk in culture, the adherent cells were analyzed by immunofluorescence. All staining was done at 4°C. After cooling for 1 h, all nonadherent cells and medium were removed, and three 5-min washes were performed in 13-mm weigh-boats filled with washing solution. The coverslips were then placed, culture-surface down, on 60 Ml of antibody that had been deposited on glass slides. These were then placed in a humidified chamber for 20 min. Next, the coverslips were floated offthe slides into the washing solution and washed again as above. Second step staining was performed as it was for the first step and was followed by three more washes. The cells were then fixed in 1% paraformaldehyde (Eastman Kodak Co., Rochester, NY) in PBS for 20 min before further staining or mounting. For histochemistry, fixation was in 0.5% paraformaldehyde. The coverslips were then mounted in a mounting buffer containing three parts glycerol, one part PBS, 0.1% sodium azide, and 25 g/liter diazabicyclooctane (Aldrich Chemical Co., Milwaukee, WI). In the analysis of adherent layers from chimeric mice, at least three layers from each animal were used.
Cytoplasmic immunofluorescence. The cells were fixed in citratebuffered acetone for 30 s and then air-dried for 30 min at room temperature. After one more wash, staining and mounting were performed as above, but without poststaining fixation.
Phagocytosis. 24-48 h before staining, 3Ml of 1.1 Mlm latex particles (Seragen Diagnostics, Inc., Indianapolis, IN) were added to each culture dish to detect phagocytic activity. In parallel experiments, the identical procedure was carried out using 0.9 Mm fluorescent covaspheres (Covalent Technology Co., Ann Arbor, MI). Although most of the phagocytic cells contained numerous particles, cells containing more than five particles were scored as phagocytic.
Cytochemistry. Alkaline phosphatase activity was detected using naphthol AS-MX phosphate and fast violet B, and acid phosphatase was detected using naphthol AS-BI phosphoric acid and fast garnet GBC salt (Sigma Chemical Co.). Specific esterase was detected using naphthol AS-D chloroacetate and fast corinth V salt, while nonspecific esterase was detected using alpha-naphthyl acetate and fast blue RR salt (Sigma Chemical Co.).
For staining of fat cells, the mounted coverslips were floated offthe slides, washed in PBS, and allowed to dry. They were then stained with Sudan black B in alcoholic phenol phosphate buffer for I h at room temperature, rinsed in 70% ethanol followed by tap water, and air dried (22) .
To analyze the same cells by both immunofluorescence and cytochemical staining, numerous fields were first examined for surface fluorescence while noting the horizontal and vertical axes on the mi-croscope stage. Photographs of these fields were taken, and after cytochemical staining the same fields were located and reexamined.
Microscopy and photography. All coverslips were examined with a fluorescent microscope (Carl Zeiss, Inc., Thornwood, NY) and photographs were taken with a camera (Carl Zeiss, Inc.,) using Kodak Tri-X film (Eastman Kodak Co., Rochester, NY). Sequential fields were examined and all the cells were counted and designated as donor or recipient in origin based on the absence or presence, respectively, of surface fluorescence with the anti-H-2Kb stain.
Results
Expression of strain-specific histocompatibility antigens distinguishes the donor or host origin ofadherent cells in LTBC. As shown in Table I , the MAb directed against the H-2Kb determinant stained > 99% of the adherent cells that were derived from host strain mice (H-2Kk/b). None of the cells from donor strain mice (H-2Kk//) were stained. Thus, in the analysis of chimeric mice, positive staining with this antibody unequivocally identified cells as host in origin, while negative staining accurately identified the donor cells.
Adherent cells in LTBC derived from chimeric mice are predominantly donor in origin. At the time ofexplantation, the extent of bone marrow reconstitution with donor cells was assessed by analysis of the blood and bone marrow for strainspecific variants of GPI. As shown in Table II , in fetal and radiation chimeras explanted at > 10 mo of age, the red cells, white cells, and bone marrow cells were at least 95% donor in origin. Hematopoiesis in two additional fetal chimeras, analyzed at 2 and 4 mo of age, was predominantly, but not yet completely, donor derived.
3 wk after explantation, the adherent cells in the subconfluent LTBC were typed for donor or host origin by immunofluorescence staining as described above. As shown in Table II , 90% of the cells from completely reconstituted chimeras were donor in origin. The remaining 10% of the adherent cell population from these chimeras, on the other hand, expressed the host strain-specific antigen. In the fetal chimera studied at In addition to these immunofluorescence studies, parallel cultures were analyzed for the proportions ofdonor-and hostderived electrophoretic variants of GPI. As shown in Table II , the percentage of donor-derived cells, determined by GPI electrophoresis, correlated closely with the results obtained by immunofluorescence. In cultures examined at 5-6 wk, the presence of crowding and overlapping cells made accurate counting of cells more difficult. However, the GPI analyses demonstrated that the percentage of donor-derived cells remained relatively constant, ranging from 80 to 90% in the completely reconstituted chimeras.
The donor-derived adherent cells in LTBC are hematopoietic cells ofthe monocyte-macrophage lineage. The donor-derived cells were round or elongated with small nuclei. These cells were positive for acid phosphatase and nonspecific esterase, findings consistent with the monocyte-macrophage cell lineage (Table III) . In addition, they were uniformly positive with the macrophage-specific MAb F4/80, as well as with MAbs directed against the Mac-l and T200 antigens found exclusively on hematopoietic cells (17, 18) . In contrast, the donor-derived cells did not express a variety of cytoplasmic antigens normally associated with nonhematopoietic cells, such as collagens I, III and IV, laminin, and fibronectin.
As expected for cells of the monocyte-macrophage lineage, donor-derived cells also exhibited marked phagocytic activity for fluorescent covaspheres or latex particles. However, in all chimeras studied, 5-30% of the donor-derived cells were negative in these assays, despite 48-72-h incubation periods with these markers. Nevertheless, nonphagocytic donor-derived cells were morphologically similar to the phagocytic cells and could not be distinguished by the pattern or intensity of staining that was done with the lineage-specific antibodies (Table III). The host-derived adherent cells in LTBC are predominantly endothelial-like cells that synthesize collagen IV and laminin. To characterize the lineage of the host-derived cells, the adherent cells of LTBC were first stained for the host-specific surface antigen and subsequently stained for a variety of lineage-specific cytoplasmic antigens as described in Methods. With the exception of occasional fat-containing cells (discussed below), all of the host-derived cells stained positively with an antiserum specific for collagen type IV. In control experiments performed to confirm the specificity of the anticollagen IV antiserum, preincubation of the antiserum with purified collagen IV blocked the staining of adherent cells whereas preincubation with collagen I did not. Fig. 1 shows the characteristic morphology and collagen IV staining of this host-derived cell population. These cells were generally larger than the donor-derived cells, sometimes covering an area greater than one high-power field (630X), and had large nuclei, easily identifiable nucleoli, and abundant cytoplasm. Both elongated and sheet-like forms were present, and the cells tended to grow in clusters, usually closely associated with one or more phagocytic cells. Surface staining for H-2Kb was brighter on the smaller endothelial-like cells and was enhanced by the addition of aj3-interferon to the culture medium.
The cells that expressed collagen IV were also positive for laminin, and at 2-3 wk, for fibronectin (4) ( Table III) . Simultaneous two-color immunofluorescence for collagen IV and laminin demonstrated a complete concordance of staining for these two antigens in several hundred individual cells that were examined. In addition, these cells uniformly expressed the antigen detected by the MAb MECA-10, which stains endothelial cells in mouse thymus and spleen, as well as gut-associated connective tissue elements (Butcher, E. C., personal communication). MECA-325, which is specific for high-endothelial venule cells (21), was negative on the adherent cells of LTBC.
Collagen IV-positive cells of donor origin were not identified in any chimera examined, including the two fetal chimeras studied early after transplantation (2-4 mo) and the six chimeras examined late after transplantation (10 mo-2 yr), despite typing of several hundred cells in each case. In addition, these cells were consistently negative for Factor VIII, collagens I and III, and the hematopoietic-specific antigens Mac-l, F4/80, and T200 (Table III) .
Host-derived adherent cells ofLTBC also includefat cells.
Although the great majority ofthe host-derived cells were positive for collagen IV and laminin, a minor population of cells which resembled adipocytes were negative for these markers (Fig. 2) . Surface staining for the host strain-specific H-2Kb antigen demonstrated that these easily recognized cells were exclusively host in origin. Reexamination of the same microscopic fields after staining with Sudan black B confirmed the presence of fat within these cells.
Discussion
To determine the lineage, origin, and transplantability of the adherent cell types in LTBC we have analyzed cultures derived from two distinct chimeric mouse models, traditional radiation chimeras and WX/WI fetal chimeras. In this latter model, the introduction of normal bone marrow cells early in fetal development carries several advantages for these studies. For example, because the fetal recipients are immunologically immature, they will accept engraftment of allogeneic cells carrying multiple strain-specific markers, including the major histocompatibility antigens, without the problem of rejection (10, 11). More importantly, in the WX/WV fetal hosts, the introduction of donor cells before bone marrow development and without radiation conditioning essentially precludes the engraftment of nonhematopoietic cells (12). Thus, the donor origin of a specific cell type in the fetal chimeras constitutes strong evidence for their derivation from hematopoietic stem cells. By comparing these fetal chimeras with traditional radiation chimeras, we have been able to determine both the origin and transplantability of the cells that constitute the in vitro hematopoietic microenvironment. The results of this in situ immunofluorescence analysis demonstrated that 90% of the adherent cells in LTBC, from both radiation and completely reconstituted WX/IW' chimeras, were donor derived, and thus are predominantly transplantable cells of hematopoietic origin. Independent GPI electrophoretic analyses ofwhole adherent layers from these chimeras also showed that 70-95% of the adherent cells are donor in origin, which agrees with previous studies that used strain-specific enzyme markers in antibody-facilitated and radiation chimeras (7, 23, 24) .
The hematopoietic origin of the donor-derived cells was further confirmed by studies demonstrating the monocytemacrophage cell lineage of this population. Specifically, the donor-derived cells stained uniformly with the macrophagespecific MAb, F4/80, as well as with anti-Mac-l and anti-T200. Moreover, up to 95% ofthese cells were phagocytic. The reason for the lack of phagocytosis in a small fraction of the donor-derived cells is unclear; however, they may represent macrophage progenitors or macrophages that have lost their ability to phagocytose. The demonstration ofthese nonphagocytic hematopoietic cells in LTBC, however, may require a reinterpretation of studies in which phagocytosis served as the only marker for the presence or absence ofhematopoietic cells in marrow cultures (6) . While the adherent cells of LTBC are predominantly donor-derived hematopoietic cells of the monocyte-macrophage lineage, both the immunofluorescence and enzyme analyses demonstrated that host-derived cells represented 5-25% of all the adherent cells. Moreover, apart from a minor population of fat cells, all of the host-derived cells labeled strongly with antibodies to collagen IV and laminin, which are cell products associated with endothelial cells. The cells expressing collagen IV also stained uniformly with the MECA-10 MAb, which stains endothelial cells in murine hematopoietic organs. The significance of this finding must be interpreted with caution, however, as this antibody appears to have significant cross-reactivity with connective tissue elements, especially of the gut (Butcher, E. C., personal communication). Other investigators, using collagen IV and Factor VIII antigen as markers, have estimated that endothelial cells make up 5-25% of the adherent cells of murine and human LTBC (4, 5) . In our hands, however, Factor VIII antigen staining has been consistently negative. Conceivably, Factor VIII antigen may be lost in cell culture, as has been described for the endothelial cells from one species (25).
The only other clearly recognizable stromal cells were adipocytes, which usually constituted < 1% of the adherent cells in subconfluent cultures, and increased in number as cultures aged and hematopoiesis declined. These cells were also exclusively host in origin and may derive from adventitial reticular cells (26) . Indeed, alkaline phosphatase positive cells were detected in the chimeric LTBC at a frequency similar to that of the fat cells. Although collagen I was detected extracellularly in our cultures, we were unable to identify adherent cells that were positive for cytoplasmic collagens I and III, a finding consistent with some, but not all, other reports (3, 4, (27) (28) (29) .
Thus, contrary to the results of human studies, our experiments demonstrate that the endothelial-like cells and fat cells in murine LTBC are not transplantable and are not derived from hematopoietic stem cells. Conceivably, limitations in the methods used in the human studies may account for the earlier findings. For example, as many as half of all the stromal cells in male, control adherent layers could not be scored by the Y-body analysis used in the investigation oftransplant patients (5) . Similarly, in the studies ofpatients with myeloproliferative disorders (9) , control experiments showed that the glucose-6-phosphate dehydrogenase enzyme marker would not detect < 5-10% nonclonal fibroblasts in an otherwise clonal adherent layer. Thus, both of these methods are limited in their ability to detect minor cell populations.
In contrast, the present approach represents a highly sensitive and specific technique for the in situ identification of gin of these cells. As described in Methods, the adherent cells were then stained for Sudan black B, and the microscopic field was relocated and photographed under phase contrast (bottom). The virtually every cell in an adherent layer. We conclude from this study that the adherent cells of LTBC are predominantly hematopoietic cells of the monocyte-macrophage lineage. A significant fraction of the in vitro stroma, however, is comprised of nonhematopoietic cells that express collagen IV and laminin. Since these endothelial-like cells accounted for virtually all of the host-derived stromal cells, they may represent an essential component of the in vitro hematopoietic microenvironment. The extension of these methods to the sorting of fresh marrow cells and established adherent layers will enable us to prepare relatively pure populations of the stromal cell types defined by these studies for analysis of their role in the maintenance and regulation of hematopoiesis (24, 30) .
Since the submission of this manuscript for publication, it was reported that adherent cells expressing collagen and laminin in LTBC from human bone marrow transplant recipients are host in origin (31), a result in good agreement with the data reported here.
